The UED (ultrafast electron diffraction) beamline of the KAERI's (the Korea Atomic Energy Research Institute's) WCI (World Class Institute) Center has been successfully commissioned. We have measured the beam emittance by using the quadrupole scan technique and the charge by using a novel measurement system we have developed. In the quadrupole scan, a larger drift distance between the quadrupole and the screen is preferred because it gives a better thin-lens approximation.
We successfully commissioned this beamline and measured the electron beam parameters.
The transverse emittance and the Twiss parameters are important parameters of an accelerator to quantify the beam quality and match optics. The most common methods to measure the emittance are the quadrupole scan [2] [3] [4] [5] [6] , the slit and collector [7, 8] , and the pepper-pot [9] methods. The quadrupole scan is one of the simplest techniques to measure the emittance. In the quadrupole scan, the beam size is measured as a function of the quadrupole's magnetic field strength [2] . Imaging screens such as OTR (optical transition radiation), YAG (yttrium aluminum garnet), or phosphor screens are used along with a synchronized camera to observe the beam profile. Generally, the thin-lens approximation is applied and root mean square (rms) beam sizes obtained from the beam profile are used to extract the emittance and the Twiss parameters by fitting a parabolic function to the data.
The thin-lens approximation is valid when √ k 1 L << 1, where k 1 is the quadrupole strength and L is its effective length. The quadrupole here is viewed as a thin focusing/defocusing lens. Therefore, k 1 is kept small while the drift distance between the quadrupole and the screen is set as large as possible (usually few meters). However, a high-bunch charge beam passing through a long drift will experience emittance growth due to the space charge force [10] . This growth, however, can be mitigated by shortening the drift length and, thus, extracting the emittance without using the thin-lens approximation. In our case, the drift length is shortened to 23 cm, i.e., one order of magnitude smaller than in the general case.
In our method, the quadrupole is treated as a thick lens, and the emittance is extracted by using thick lens equations.
II. THICK-LENS QUADRUPOLE SCAN
In a quadrupole scan, a quadrupole magnet and a screen are used to measure the emittance and the Twiss parameters of the beam. The screen is separated from the quadrupole by a drift space. The transfer matrix of the scanning region M is given by the matrix product of the transfer matrices of drift S and quadrupole Q:
Here, S and Q are defined as
where l is the drift length. The beam matrix at the screen σ s is related to the beam matrix at the quadrupole σ q by using the similarity transformation as [11] 
with σ s and σ q being defined as
The matrix element σ s,x /σ q,x is the horizontal rms beam size at the screen/quadrupole. σ s,x
can be expressed as a function of the transfer matrix elements m 11 and m 12 as
where m 11 and m 12 are given by
When the thin-lens approximation is valid, Eq. (6) becomes a parabolic function. The emittance and the Twiss parameters are extracted by measuring σ s,x and fitting a parabolic function to the data. Because we used a short drift distance to mitigate emittance growth, the thin-lens condition k 1 L << 1 is no longer valid. Thus, we shall obtain the emittance and the Twiss parameters by directly fitting Eq. (6) and treating the quadrupole as a thick lens.
III. EMITTANCE MEASUREMENT 1. Experiment Setup
The experimental setup for the emittance measurement with the quadrupole scan is shown by mapping its magnetic field.
Experiment Procedure
As shown in the Fig. 2 , the electrons in the gun are first focused by the solenoids. The beam out of the gun is observed at s1 screen and to tune a round shape. Then, it is bent 45 o by d1 and observed on s2. By observing the beam position on s2, we can maximize the beam energy by adjusting the laser delay. Then, d1 is turned off, and the beam is observed on s1 and tuned to a round shape again. Then, the beam is bent again by d1
and observed on s2. The coil current of d1 is recorded to estimate the beam energy and its spread. After this, the beam is delivered to s3 by using d1 and q1-q3, where it is centered and tuned to a round shape. The screen s3 is then retracted from the beamline, and the beam is dumped to the FC where it creates an electrical signal. This signal is too weak to be directly measured and thus is amplified by using a preamplifier, after which it can be observed using an oscilloscope. The upstream magnets are tuned to maximize the peak voltage of the signal, which is linearly related to the electron-bunch charge.
After the charge measurement is finished, d2 is turned on, and the beam is observed on s4 at first and on s5 later. The horizontal beam size at s5 usually is larger than the vertical one because of beam dispersion. The dispersion is suppressed by adjusting q1 -q3 while q4 -q5 are turned off. When dispersion is suppressed, q6 should be able to focus the beam into a narrow horizontal shape on s5. After dispersion is suppressed, q4 and q5 are tuned to form a round beam on s5 while q6 is off. The scan is performed by incrementally changing the coil current of q6 and recording the corresponding beam image by using a camera.
IV. CHARGE MEASUREMENT SYSTEM
Faraday cups have long been used to measure the beam charge in particle accelerators [12] [13] [14] [15] [16] [17] [18] . The beam stopper of the FC is made of conductive materials such as carbon or metals to collect the beam charge and transmit electrical signals. It must be designed to stop the beam, suppress secondary electron emission and recapture back scattered electrons. The shape and the material of the FC may differ depending on the beam conditions and applications [19] [20] [21] [22] and can be optimized by simulating the beam interaction with the stopper [23, 24] .
Matching the impedance between the FC, preamplifier and test network is another important design consideration [25] . The rise time and the amplitude of the electrical signal from the FC depends on the incident-particle beam current. The KAERI UED beamline is designed to generate electron bunches with a 10-to 100-A peak current [1], which correspond to maximum signal frequencies up to tens of THz. Measuring this charge with high sensitivity is challenging because of the ultrashort bunch length, high frequency, low charge, and noises from RF power source. The idea we are proposing to solve this problem is to use a charge-sensitive preamplifier near the FC to integrate, amplify, and convert this current signal to a voltage signal that can be measured via an oscilloscope or ADC at remote locations. We have fabricated, calibrated, and tested this preamplifier by using an ultrashort electron beam and were able to achieve a 10-fC precision.
In our setup, electron bunches passing through a 0.5-mm-thick aluminum vacuum window are deposited into an in-air FC 5 mm away. The FC is shielded with stainless steel from external noise and can be attached to/removed from a 2.75-inch flange by using tapped holes without breaking the vacuum. To optimize the FC geometry and increase the detection efficiency, we simulated the interactions of electrons with the vacuum window and the aluminum FC stopper by using the G4beamline [26] .
The first step in the optimization is to find the proper thickness of the FC stopper base (without side wall) that would stop most of the 3-MeV electrons. The simulations were performed for aluminum with a 25-mm diameter while the thickness was varied from 1 to C1 is estimated to be around 10 pF. A-0.2-m-long BNC cable X1 with a 20-pF capacitance connects the FC to the preamplifier. The preamplifier is powered by using four 8-volt batteries, has a linear response up to 16 V, and can measure charge up to 80 pC. One can also change the calibration factor (i.e., voltage-to-charge ratio) and increase/decrease the measurable charge limit by changing the feedback capacitor C2.
In the simulation, a 0.1-pC charge is created by the input pulse and deposited to capacitor C1. This charge creates a voltage at C1, which is then amplified by using the preamplifier. . 6 ) when a 0.1-pC charge is deposited to capacitor C1.
The output pulse from the preamplifier is shown in Fig. 7 . The peak voltage, 19.8 mV, occurs about 5 µs after the input pulse; thus, the voltage-to-charge ratio of the preamplifier is 198 mV/pC. The output signals returns to zero within 1 ms, and this allows the preamplifier to operate at a 1-kHz repetition rate.
Experimentally, the preamplifier is calibrated by using a power supply to deposit charge to the FC stopper, and the result is
where Q is the bunch charge deposited in the unit of pC, and U is the peak voltage from using Eq. (6). The emittances and the Twiss parameters from these fits are summarized in Table. 1 along with the results for the charge and the energy measurements.
VI. SUMMARY AND DISCUSSION
We have used an improved quadrupole scan method that utilizes a short drift distance expect to observe distinguishable diffraction patterns. Nevertheless, the energy spread can be further reduced by tuning the laser and/or using an energy slit.
We have developed a novel charge measurement system optimized for a 3-MeV beam with a pulse duration of tens of femtoseconds. The system demonstrated 10 fC sensitivity and can be further improved by reducing background noises and by replacing the smaller feedback capacitor and other electrical components of the preamplifier. Also, the measurable charge range can be increased by increasing the feedback capacitor's capacitance or some other methods. We plan to perform emittance vs. charge measurements in the near future to understand the performance of our RF photogun.
